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SUMMARY

A simplemethodispresentedwhereby
tionin a diskcanbe determinedwiththe

the
aid

residualstressdistribu-
of theobliquelymounted .

straingagewhenthedirectionsof theprincipalstressesareradialand
tangential.Thestraingagesaremountedin sucha wayas totnskethem
sensitiveonlyto thetangentialstressesinthedisk. Thediskisthen _
cutsoastorelievecompletelytheresidualtangentialstresses,and
thestraingagesthereforeindicatedirectlytheresidualtangential
stressesthatwerepresentinthedisk. Thisprocedureconsistsofmaking
severalpreliminaryradialsawcutsto reducetheover-allresidual.stress
levelad thenonefinsldiametralsawcutad~acenttotheumuntedstrain
gagesthroughtheplanewheretheresidualtangentialstressisdesired.
Theresidualradialstressdistributionis calculatedfromthemeasured.
tangentialstressesbyusingthe~uilibriumequationfora disk.

Resultsofmeasurementson overspeededdisksarepresentedandcom-
paredtothecalculatedvalues.‘Theaveragedeviationbetweenmeasured
andcalculatedvaluesof residualtangentislLstressfortwodiskswas
approximately1000poundspersquareinchwhentherecommendedcutting
procedurewasfollowed.

A greatmanyinstances

INTRODUC!ECON

arisewhenitwouldbe of valueto knowthe
msgnitudeof theresidualstressesin a disk. Manyturbinediskfailures
suchasthoseinitiatedby rimcrackinghavebeenattributedto residual
stresses,andthefirststepin solvingthisproblemwouldbe t.ameasure
thesestresses.A knowledgeof themagnitudeandlocationof residual

.-

stressescouldgreatlyaidthedesignersandmanufacturersinproducing
diskswhichwouldhavelongerlives.
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Thereisatpresenta nunberofmethodsthatcanbe usedformeas-
uringtheresidualstressesina disk(ref.1). Theboring-outprocess .. c
andtheisolationof smallvolumeswithstraingagesmountedon’themare
twoof themorecommonlyusedmethodstoday.These,however,arecostly,
timeconsuming,andrequirea greatdealof caretoachieveaccuracy.

Thisrepcrtdescribesa methodof adaptinga straingage(ref.2)to
thedirectmeasurementof theresidualstressesina disk.Theprocess
involvesmountinga seriesof straingageson thedisk,cuttingthedisk
inthemannerrecommendedherein,andrecordi~thechangesin gageread-
ingsdueto thereliefof theresidualtangentialstress.Thismethod !$
isfasterthanthoseofreference1 andgivesresultsthatcomparefa-
vorablywithvaluespredictedby thedeformationtheoryofplasticity.
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SYhl130LS

Young’smodulusof elasticity

functionexpressingradialthicknessvariationindisk

thicknessof.diskatradiusR —

radialcoordinatemeasuredfromcenterof disk .

strainine-direction

gagemountinganglemeasuredfrom
stresses

Poisson’sratio

radialstress

radialstressatradiusR

tangentialstress

TKEORYOF STRESS

Whenthedirectionsof theprincipal
becomespossibletoapplythestraingage

4
directionofoneofprincipal

GAGE

residualstressesareknown,it
tothemeasurementof.those

residualstresses.Inmostdiskproblems,thedirectionsof theprinci-
palresidualstressesareintheradialandtangentialdirectionsbecause
of symmetry.Themethodtobe presentedisfordiskshatingprincipal ~
residualstressesintheseradialandtangentialdirections.

b
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Considera
gageismounted

specimensubjectedto a uniaxialstressor. If a strain
on thisspecimenatvariousanglesto theprincipaldi-

rection,thestrainreadingswillbe a functionof thegageorientation
andthemagnitudeof ar as indicatedby the ~r f~lY of c~ves in
figure1. If the ar isremovedandthespecimenis subjectedto a
uniaxieilstressat,thestrainreadingswillbe a functionagainof the
gageorientationandthemagnitudeof at as iddicatedby the at f~-
ilyof curves.If thespecimenisnowsub~ectedto a biaxialstress
state,thestrainat anyangle 8 willbe thealgebraicsumof the
strainsdueto ar snd Ut. An exsmpleof thisis showninfigure1 for
a biaxialstressstateof

‘% ‘d ‘r3
anda straingagemountedat .._=

10°fromthe at direction.Thestrainatthis10°angleis A-B
minus“A-C.If a

%
is changedinvalueto at and

2
to arl)thestrainatthissame10°@e wouldnowbe

A It csnbe seen,therefore,thatby knowingtheangle 0
g thestrainat 0, thevaluesof at and ar cannotin

q minedsinceanynumberof combinationsof at and Or

$ samestrainatanyoneparticularangle.

‘r3 is changed
A-D minus A-E.

—
andmeasuring
generalbe deter-
canproducethe

Thereisonewayinwhichthestressvslueina biaxialstressstate
canbe obtainedfroma singlestraingage. Itwillbe notedinfigure1
thatthe Ur fsmilyof curvesallcrossthezerostrainlineatthessme
angle.If a straingageismountedon a specimenatthatparticular
single,thestrainreadingwouldbe relatedto themagnitudeof at and
wouldnotdependat allon themagnitudeof ar. A gagemountedat that
anglewouldbea stressgagebecauseitsstrainreadingwouldbedirectly
proportionalto themagnitudeof at.

Theangle 0 atwhichthegageistobe mountedandtherelation
betweenthe-strainreading&e at thatangle G
tangentialdirectionat aregivenin reference

where E isYoung’smodulusand v is Poisson’s
material.

If a seriesof thesestressgagesismounted

andthestressin the
2ss

(1)

ratioforthedisk

adjacentto a disme-
trallineof a diskandthediskis cutalongthisdiameter,a freesur-
faceisproducedalongwhichthenormalstressor,inthiscase,thetan-
gentialstress,mustbe zero.Thestressgages,whicharesensitiveto
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thetangentialstress,willthereforeindicatedirectlythecomplete
changeof tangentialstressfromtheoriginalresidualvslueto zero. -./
Thechangein strainreading6~ fromanygagecanbe convertedto a .
residualtangentialstressatthatgagelocationby theuseof equation
(1}. Figure2 showshowa seriesof gagesmightbe laidouton a disk .-
whentheresidualtangentialstressesaretobe measured.

Inordertoobtaintheresidualradialstressdistribution,theequi-
libriumequationfora diskcanbe used. Thisequation: s

whenintegratedgivesthefollowingequation
residuslradialstressatradiusR, ar,R

(2)

forthesolutionof.the —

where h isthediskthicknesswhichmaybe
hR isthediskthicknessat R. Withequation(3)itbecomesa simple

aR (3)

a functionof rtidius,and

matterto calculatetheresidualradialstressdistributionfromthe
graphicalintegrationof themeasuredresidualtangentialstressdistri-
butionandtheknownthicknessvsriationof thedisk.It shouldbe noted
thata stressgageindicatesanaveragereadingoverthegagearea.For
thisreasontheaccuracyof a gagereadingwillbe lowerin anareaof a
highstressgradientthanin anareaof a constantstress.Thismethod
of residualstressmeasurementisthereforelimitedto caseswherethe
stressgradientisnottoogreatacross.~onestressgage.

OFMETHOD

Procedtie

weremachinedfromforgedAMS-5602

VERIFICATION

Experimental

A numberofparallel.-sideddisks
steelblankstoa dismeterof12 inchesanda thicknessof3/4inch.The
finisheddiskswerethanstress-relievedat1300°F for12hoursinan-
nealingcompoundsndallowedtofurnace-cool.Inordertobe surethat
thistreatmentwasrelievingtheresidualstressesduetoforgingand
machining,a diskwasinstrumentedwithstressgagesandthencut. The
measuredresidualstressesinthisdiskwerefoundtobe lessthan+500
psi. Residualstresseswereinducedinthedisksby spinningthemto
24,500rpm. Tensiletestsindicatedthatthe0,2-percentoffsetyield
strengthwas29,000psi,andcomputationsshowthatplasticflowstarted
atabout16,000rpm. Theshaftattachmentto thediskswasmadeas small
aspossibleinordertominimizeitseffecton theresidualstressdis-
tribution.Figure3 isa sketchofthediskandshaftattachment.

—,

w-

&



NACATN4027 5

Afterspinning,theshaftswerecutoffflushto thedisksurface,
and30 SR-4typeAB-11straingageswerethencarefullyappliedtothe
disksat 27°to thetangentialdirection,adjacentto a dismetralline
atlocationswheretheresidualstresswasdesired.The27°wascalcu-
latedfromequation(1]for v = 0.26. A numberof differentprocedures
wereusedin cuttingthevariousdisks,andtheproceduresuggestedfor
bestresultswillbediscussedinthesectionRESULTSANDDISCUSSION.

A setof gagereadingswastakenbeforethefirstcutandthenafter
eachcuttingoperation.Theclampsholdingthedisktothesawtable
wereremovedforeachsetof gagereadings.Heatingof thegagesdueto
thecuttingof thediskwasminimizedby usinganexcessof cuttinglu-
bricantsuppliedthroughoutthemachininganddata-takingprocess.

An automatic-feedbandsawwasusedtomakeallthecuts,andwith
a cuttingfeedof 1/2inchperminutea completetestcouldbenmiein
approximately2 hours.A photographof a testis showninfigure4.

AnalyticalComputations

Inorderto calculatetheresidualstressdistributionin anover-
speededdisk,itwasnecessarytodeterminethestressstraincurvefor
thediskmaterial.A numberof tensilespecimensweremachinedfroma
fewdiskswherethespecimensweretakenin.boththeradialandtangen-
tialdirections.Testresultsshowedthatthismaterialwasverynesrly

* isotropic,md theaveragestressstraincurveas determinedby several
testsis showninfigure5.

Theplasticstressdistributionwascalculatedby themethodof
reference3 using24equallyspacedstationsoverthe6-inchradius.The
elasticstressdistributionwasthencalculatedby thesamemethodand
numberof stationsbutnowby usingthenewdiskdimensionssmdcontour
as cd.culatedby theplasticitytheory.Theresidualstressdistribution
isthenobtainedby takingthedifferencebetweenthetangentialplastic
andtangentialelasticstressestoobtainthetangentialresiduslstress
andthedifferencebetweentheradial-plasticandradialelasticstresses
taobtaintheradialresidualstress.Theresultsof thesecalculations
canbe seeninfigures6 and7. Figure6 alsoincludesthecalculated
contourof thediskafterplasticflowhasoccurred.Thismethodof
calculatingthesestressdistributionsisverifiedexperimentallyin
reference4Y andsomeof theresultsof reference4 arepresentedin
figure8.

Forthisparticularproblema verylargepercentagevariationin
L thecalculatedresidualstressescouldresultfroma verysmallpercent-

agevsriationof thecalculatedplastic&mdelasticstresses.For
exsmple,atthediskcentertheplasticstressisabout70,000psiand

● theelasticstressisabout77,000psi,whichresultsin a residusl
stressof about7000psi. Ifboththeelasticandplasticstresseswere
inerrorby 1 percent,theresidualstresscouldbe inerrorby asmuch
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as 21percent.It thereforeappearsthatforthisparticularproblema
veryhighdegreeof accuracyisrequiredinthecalculationof theplastic ~
andelasticstressdistributionsifthecalculatedresidualstressdis-
tribution1stobe usedas a checkon theexperimentallydeterminedre-
sidualstressdistribution.

RESULTSANDDISCW3S1ON

Cuttingprocedurehada markedinfluenceontheresidualstress
measurements.Whena diskwas.cutslongO–UYonediameter,themeasured
stresseswereinpooragreementwiththetheoreticalvalues,andthere
wasneithertheexpectedradialsymmetryof stressnortheequilibrium
of force”acrossthisdismeter(ascalculatedby integratingthemeasured
tangentialstresses).Theseresultsseemedtoindicatethatsomeaddi-
tionalplasticflowhadoccurredintheregionof thestressgagesduring
thecuttingoperation.

—

To ensurethatthestressesbeingmeasuredaretheresidualelastic
stressesintheundisturbeddisk,a procedureforcuttingthediskis
desiredinwhichadditionalplasticflowdoesnotoccurintheregionof
thestressgages.Cuttingof thediskshouldproceedin sucha waythat
thepeakstressesintheregionbeingmeasuredarealwaysreducedasthe
cuttingproceeds.Thisprocedureeliminatesthepossibilityof anyaddi-”
tionalplasticflowoccurringinthegageregionsnd,hence,ensuresthe “=–
correctresidualstressmeasurements.

.6
Thecuttingprocedurethatwasfinallyadoptedis showninfigure9.

Thisprocedurereducesthepossibilityof anyplasticflowinthegage
regionsby takingthreedistinctprecautions.Thefirstprecautionisto
relievetheresidualstressesinthedisk”assymmetrically(withres”pect
tothegsges]aspossible.Thesecondprecautionistorelieveasmuch
of thestressesas~ssibleby cuts that are notnearthegages.It“was
foundthatcutsneargagesunderstress@feetthereadingof those
gages;thehigherthestressthegreatertheeffect.Thismaybe dueto
thelocalstressessetup duringthe.cutt$ngoperation.Thefinalpre- ‘~:
cautionexercisedwastokeepthedistance.ofthefinslsawcut1/8inch
fromtheactivegageelement(fig.9). Thisdistanceactuellydependson
themethodandseverityofthe,cutandwas”foundtobe necessarybecause “-
of theverylocalplasticdeformationsthatmightaffectthegagesand
theirbondto thedisk.

Inordertodeterminetherelativeaccuracyof themethodandpro-
cedurepresentedherein,a comp=isonwasmadebetweentheexperimental
resultsandthosecalculatedby themethodofreference3 (fig.10). It
shouldbe notedthatthetwosetsof experimentalresultsshowndiffer
slightlyeventhoughthes~e procedurewasusedon thetwodisks.Quite ‘
goodagreementwasobtainedbetweentheoryendexperiment.Theaverage
deviationbetweenthemeam.lredsndcalculatedvaluesof residueJ- &
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tangentialstresswasdeterminedforeachtestdiskby addingtheabso-
4 lutevaluesof thedifferencesbetweenthemeasmedsmdcalculated

stressesateachgagelocationanddividingby thenumberof gages.
Thesecalculationsgavean averagedeviationof about1000psiforboth
testdisksshown.Thisvalueis consideredquitegoodforresidual
stressmeasurements..

A veryim~rtmt andindependentcheckon theexperimentalresults
istheconditionof equilibriumofforceacrossa diameterof thedisk.
It shouldbe notedfromequation(3)thatiftheintegralof theforce
overthesreais zero,theradislstress(computedfromthemeasuredtan- “
gentialstress)at therimof thediskwillalsobe zero.Figure9(b)
showshowcloseto zerotheradialstressattherimis,andthisminor
deviationfromzerois anindicationof theproximityto equilibrium.

CONCLUDINGREMARKS

Theobviousadvantagesof thismethodof
stressdistributionina diskaresimplicity,
minimumnumberof-gages,snda minimumsmount

determiningtheresidual
maximuminformationfora
of testingtime.The

methodandprocedureoutlinedinthisreportcanbe usedtoobtainthe
residual.stressesinanyproblemwherethedirectionsofprincipal

. stressesareknownandanequilibriumequationexistsrelatingthetwo
principalstresses.Themethodthereforeprovesmostvaluableas a means
of snslyzingdiskssuchas compressoror turbinerotordisks.

d’

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,May14,1957
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Figure9.- Cuttingprocedurefor relievingresidualetressesin a disk.
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concluded. Streasee in overspeedmldisk.
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